Recently, the potential of gamma-valerolactone (a cyclic ester, C 5 H 8 O 2 ) as a bio-fuel and fuel additive has been highlighted. To unravel its chemical behavior in combustion, the reaction kinetics of initial decomposition of gamma-valerolactone (GVL) has been investigated theoretically by utilizing ab initio calculations and transition-state-theory based simulations. The effect of pressure on decomposition rates and, more importantly, on the branching fractions of major products has been explored. The potential energy surface was constructed at the CCSD(T)-F12/cc-pVDZ-f12 level based on B2PLYPD3/ cc-pVTZ optimized geometries. Rate coefficients were obtained from the solution of RRKM/masterequations at a number of pressures (within the range of 7.6-76 000 torr). The isomerization of GVL to 4-pentenoic acid (4PA) followed by C-C bond fission to form allyl plus CH 2 COOH is confirmed to be the most important route in the initial decomposition of GVL. Aside from isomerization to 4PA, several other routes also occur with significant contributions, during which pressure was found to take a great role in their branching. At pressures above 760 torr, the concerted reactions to form CO + ethene + acetaldehyde and propene + 2-oxiranone account for over 50% of the overall decomposition at the higher temperature end. On the other hand, the "formally direct formation" of allyl + CH 2 COOH, which occurs via directly skipping the 4PA well, has a non-ignorable branching above 1400 K at low pressures.
Introduction
Concerns about the depletion of fossil fuels drive society to search for renewable and sustainable energy sources. Gammavalerolactone (C 5 H 8 O 2 , Scheme 1), a cyclic ester readily obtainable from cellulosic biomass, exhibits the most important characteristics of an ideal sustainable liquid. Recently, its potential as a promising biofuel and fuel additive has been highlighted and it is attracting increasing attention from researchers.
1,2 For this novel biomass-derived chemical, the D c H m,li(standard molar enthalpy of combustion) value is À2.65 MJ mol À1 , between the values of À1.37 MJ mol À1 for ethanol and À3.37 MJ mol À1 for methyl tert-butyl ether. Other important fuel properties of gamma-valerolactone (GVL) include a high boiling point, high density, high oxygen content and less formation of dangerous peroxides during combustion.
1
Studies on the effect of GVL on diesel engine performance, fuel properties and exhaust emissions have recently been carried out. 3, 4 When blending GVL into diesel, an advantageous effect has been generally found on the physicochemical fuel properties and exhaust emissions such as NO x , CO, unburned hydrocarbons and smoke. In contrast to ethanol, GVL does not form an azeotrope with water. The easy removal of water by distillation results in a less energy demanding and cheaper process for its production from biomass.
At present, the interest in GVL is mostly centered on its production routes from cellulose/lignocellulose and on the development of efficient catalysts for reactions thereof. [5] [6] [7] [8] [9] [10] As the key step in its production, the transformation of levulinic acid to GVL is normally achieved on noble-metal catalyst using H 2 . Lately, Xue et al. 10 has synthesized zirconium-cyanuric acid coordination polymer for this conversion process, providing a new route for designing highly efficient catalysts. While the development of efficient catalysts has initiated numerous studies, investigation on its detailed combustion chemistry is just getting started. De Bruycker et al. 11, 12 studied the thermal decomposition of GVL through the combined techniques of experiment, theory and modeling. The experiments were performed in a tubular ow reactor from 873 K to 1073 K at 1275 torr. Thermodynamic and kinetic data were computed at the CBS-QB3 level for key reactions involved. Their study proposes that the isomerization of GVL to 4-pentenoic acid (4PA) followed by C-C ssion forming allyl and carboxy methyl is an important route for the initial radical pool. Unfortunately, only rate coefcients of two barrier-characterized reactions were computed from theory, and the rate coefficients of direct bond ssions, especially the important C 2 -C 3 ssion in 4PA, were assigned from estimation. Furthermore, the rate coefficients were obtained simply at the high pressure limit for this pressuredependent reaction, with no predictions being made for the falloff region. For the reasons above, an in-depth pressuredependent kinetic study is expected to provide more systematic kinetic data and improve the performance of the De Bruycker model. Following the pyrolysis study, Sudholt et al. 13 performed an oxidation experiment of GVL in a low pressure premixed at ame at 50 torr, and a kinetic model of high temperature oxidation was extended from the pyrolysis model of De Bruycker et al.
11
Kinetic modeling is a powerful tool in using fundamental reaction mechanism to evaluate the engine-relevant behaviors of fuels, such as ignition properties and pollutant emission. To accelerate the application of GVL as a practical fuel, the comprehensive reaction mechanism of GVL combustion needs to be explored in detail, and the core reactions involved must be provided with reliable kinetic data that covers various temperature and pressure conditions. To satisfy this purpose, the present work is dedicated to unravel the initial decomposition mechanism of GVL, and more importantly, to elucidate the effect of pressure on the branching of major decomposition products. This study is expected to lay a rm foundation for more comprehensive kinetic studies on GVL combustion in the future.
Theoretical methodologies

Electronic structure calculations
The characterization of C 5 H 8 O 2 potential energy surface was performed by using a combination of explicitly correlated CCSD(T)-F12 (ref. 14 and 15) and density functional theory (DFT) methods. The geometric structures and rovibrational properties of reactant, intermediates, transition states and products were obtained by employing the B2PLYPD3 functional and the cc-pVTZ basis set. The B2PLYPD3 method requests the B2PLYP double hybrid functional combined with Grimme's D3BJ dispersion correction. 16, 17 Methods of this kind combine exact HF exchange with an MP2-like correlation to the DFT calculation, and have similar computational cost as MP2 rather than that of DFT. The connectivity of specic transition state to its adjacent local minima were generally examined through visualization of corresponding imaginary vibrational mode. For the ambiguous cases, the intrinsic reaction coordinate (IRC) calculations 18 were also performed to ensure the correct connectivity of transition state to desired reactant and product. The DFT calculations were done with Gaussian09 program.
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High level evaluations of single point energies were computed using the CCSD(T)-F12 method at cc-pVDZ-F12 basis set. 20 The zero point energies were included from the B2PLYPD3/cc-pVTZ frequency analysis. Note that the CCSD(T)-F12/cc-pVTZ-f12 level was also tested for several species, and very small difference was found from the energies at cc-pVDZf12 (mostly within 0.5 kcal mol À1 ). Such small difference is presumed to improve the rate coefficients by only a very limited extent. Considering the notably higher expense of CCSD(T)-F12/ cc-pVTZ-f12 calculations, we did not rene the entire potential energy surface using this level. The CCSD(T)-F12 calculations were done with the MOLPRO2015 program.
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Direct bond ssions are usually barrierless reactions that have no well-dened saddle points along the reaction coordinate. In this work only the most possible direct bond ssions for each of GVL and 4PA were considered, namely, the C-C ssion of GVL to lose the side methyl group and the C-C ssion of 4PA to form allyl plus CH 2 COOH, respectively. For these two reactions, the multi-reference methods were employed for accurate description of the interaction potentials between the two reacting moieties. Specically, the CASPT2(2e,2o)/cc-pVDZ method 22 was used for the C-C bond ssion of GVL to form gradical of gamma-butyrolactone (GBL) and methyl radical. The (2e,2o) active space simply consists of the two singly occupied radical orbitals. With the C-C ssion of 4PA to form allyl plus CH 2 COOH, the CASPT2(6e,6o)/cc-pVDZ method was used, where the (6e,6o) active space consists of (2e,2o) for (p, p*) of C]O double bond, (2e,2o) for (p, p*) of C]C double bond and (2e,2o) for the two singly occupied carbon radical orbitals. The three pi electrons on C 3 H 5 fragment become delocalized when the separation of two reacting fragments gets larger, and (6e,6o) was tested to be the minimal active space for this reaction. High level corrections for the interaction potentials were done with the MRCI method at cc-pVDZ and cc-pVTZ basis sets. 23 The active spaces in MRCI calculations remained the same with those in CASPT2 calculations, and the Davidson correction was included in nal MRCI energies. These multi-reference calculations were done with the MOLPRO2015 program package. 
RRKM/master equation analysis
The rate coefficients were calculated via the solution of the timedependent RRKM/master equation using the MESS code. 24, 25 MESS is a newly developed master equation solver by Georgievskii et al., and it aims to effectively and simultaneously calculate temperature-and pressure-dependent rate coefficients for reaction systems with an arbitrary number of wells and bimolecular species. One distinguished feature of this code is the "well-merging" scheme for the treatment of rapidly equilibrated species. Specically, when the rate of chemical interconversion between two species approaches or exceeds the internal energy relaxation rate, these two species will be combined into a new compound and the number of species in master equation simulations will be reduced accordingly by one. Another important feature of this code is the capture of rate coefficients for the so-called "formally direct" channels. The formally direct channels are those that traverse more than one transition state in a single elementary step, without stabilization into in-between wells. This type of channels is formally "direct" but mechanistically "indirect". Rate coefficients of these channels are not the same as the effective rate coefficients that are derived from applying conventional quasi-steady-state assumption to the transient intermediate in a multi-step reaction scheme.
For the present reaction system, the temperature covers a range of 800-2000 K at a list of pressures (7.6, 76, 760, 7600 and 76 000 torr) with Ar as the bath gas. The interaction between reactant and bath gas was described by the LennardJones model potential. The (s, 3) parameters were estimated to be s ¼ The collision induced energy transfer was modeled with the single exponential down model, i.e., P(DE) ¼ exp(ÀDE/a), where P is the probability and DE ¼ E initial À E nal > 0 The average downwards energy transferred per collision was assumed to follow a temperature-dependent form, i.e., hDE down i ¼ 200 (T/300) 0.85 , which is estimated based on previous experience.
28,29
For reactions with a pronounced chemical barrier, the conventional transition state theory was applied in RRKM/ master equation analysis, with the transition state dividing surface xed at the saddle point. Whereas for direct bond ssion reactions, the location of optimal transition state normally varies with temperature. During the MESS simulations, the microcanonical variational transition state theory was employed for the minimization of rate constants along the reaction coordinate. Variational procedure for determining microcanonical rate coefficients is as follows. A range of dividing surfaces were selected at different positions along the reaction coordinate, and the sum of states was evaluated appropriate to the given energy and angular momentum at each position. The transition state was identied with the surface that provides the minimum sum of states. The high-pressurelimit rate coefficient is then obtained as the canonical average of the variationally determined microscopic rate coefficients over the Boltzmann population distribution. Eventually, it emerges that the transition state of a barrierless reaction varies with temperature, i.e., moving from larger separation between two fragments at low temperatures to smaller separation at high temperatures.
In addition, the rigid rotor harmonic oscillator (RRHO) approximation was used to deal with the vibrational degrees of freedom. Note that the RRHO frequencies were multiplied by a scale factor of 0.99 as a crude correction for the normal modes obtained from CASPT2 calculations. The internal torsions were treated as one-dimensional hindered rotors, and were removed from the RRHO analysis. The hindrance potentials of the hindered rotors were obtained through relaxed scan along the dihedral coordinate at an interval of 10 degrees, by using the B3LYP/6-311+G(d) level. Furthermore, the quantum tunneling effect, which has a potential to be important for H-transfer reactions at low temperatures, was incorporated using the asymmetric Eckart's potential. Table S1 of the ESI. † Table 1 compares the relative enthalpies at 298 K calculated in this work with those by De Bruycker et al.
12 using the CBS-QB3 method. As can be seen, there is generally a good consistency between the present predictions and the CBS-QB3 values for most of the stationary points or product sets, with exceptions of the three transitions states that characterize the forward conversion of 4PA, i.e., TS6, TS7 and TS8. For the three exceptions, the present evaluations are lower than the CBS-QB3 values by over 1.5 kcal mol À1 . These three transition states all have very tight structures and consequently small entropies. Later kinetic analysis results will demonstrate that even an increase of 2 kcal mol À1 for energies of these transition states has little inuential effect on the decomposition behavior. For the initial decomposition of GVL, the lowest bond ssion channel is demethylation via direct C-C bond cleavage to produce methyl and g-radical of butyrolactone. Other direct bond ssions are not shown here because of the high bond dissociation energies. As presented in Fig. 1 , the other ve channels from GVL are all characterized by pronounced energy barriers. Among them, the most important one is the isomerization to 4-pentenoic acid (4PA) via the lowest barrier, TS1, with the energy of 63.33 kcal mol À1 . In this reaction, one hydrogen atom at the methyl group is transferred to the ring oxygen via a four-membered ring transition state, leading to the ringopening process. The present barrier height agrees satisfactorily with the CBS-QB3 value within 1 kcal mol À1 . This transition state has an energy of similar magnitude to the 1,3-H shi reactions in ether systems, such as the decomposition of methyl ethyl ether into methanol plus ethene (65.2 kcal mol À1 ) and decomposition of ethyl tert-butyl ether into tert-butanol plus ethene (63.4 kcal mol À1 ).
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The next lowest barrier from GVL is TS3 for the keto-enol tautomerization reaction, where one hydrogen at the carbon atom a to the carbonyl group transfers to the oxygen atom in the carbonyl group. TS3 has a small entropy because of the tight ring structure, implying that this channel could not be important under current conditions. GVL can also proceed by several concerted reactions to lead to separate product species. These concerted reactions are (a) decomposition to propene plus 2-oxiranone via TS2 (78.53 kcal mol À1 ), (b) decarbonylation to form CO plus ethene plus acetaldehyde via TS5 (80.32 kcal mol À1 ), and (c) decomposition to acetone plus ketene (CH 2 CO) via TS4 (107.02 kcal mol À1 ). The former two molecular decomposition channels happen with barriers below the direct demethylation channel. The last channel producing acetone plus ketene occurs with a rather high energy barrier, so it can be neglected under current conditions. 4-Pentenoic acid is of special importance in GVL initial decomposition. For this intermediate, the most favored channel appears to be the reaction back to GVL at lower temperatures. The forward consumption of 4PA is expected to be dominated by the barrierless C a -C b bond ssion to form allyl plus the carboxymethyl radical (CH 2 COOH). The bond dissociation energy of C a -C b (71.05 kcal mol À1 ) in this work agrees very well with 70.95 kcal mol À1 at the CBS-QB3 level. Other dissociation routes of 4PA include isomerization to 3-pentenoic acid (3PA), molecular decomposition to 1-butene plus CO 2 , and dehydration to form allylketene. These three routes are unlikely to play a major role as a result of two factors that take effect in the same direction. First, the barriers of these routes almost all lie above the C a -C b bond ssion energy, and second, they are entropically unfavored compared with direct bond ssion process. Quantum chemical calculations suggest that the most energetically favored route for GVL decomposition is isomerization to 4PA followed by C-C ssion to form allyl plus CH 2 -COOH. This route serves as an important source of initial radical pool in the thermal decomposition of GVL.
Reaction kinetics
3.2.1 High pressure limit rate coefficients. Compared to channels with pronounced chemical barriers, the variational rate coefficients are more dependent on the interaction potentials between the two reacting fragments. In this study, the interaction potentials of the two barrierless channels, i.e., GVL / g-GBL + CH 3 and 4PA / allyl + CH 2 COOH, are illustrated in Fig. 3 , computed by using the combination of CASPT2 and MRCI methods. Implementation of the variational procedure suggests that the transition states giving the minimum rate coefficients are generally located within the separation of 2.8-3.2 A between the two fragments for the temperature range of 800-2000 K. As the temperature increases, the optimal transition state gradually moves to shorter separations. Fig. 4 compares the high pressure limit rate coefficients of major channels for initial GVL decomposition. It is apparent that the isomerization to 4PA is the most favored channel except at the high temperature end. Available studies about similar systems are very limited, and only the rate parameters from De Bruycker et al. are illustrated for comparison. 11 The present work shows an excellent agreement with the results from De Bruycker et al., particularly for the two channels forming CO + ethene + acetaldehyde and propene + 2-oxiranone (the two sets of results almost superpose each other). For these two channels, the discrepancy of rate coefficients is less than 30%. For the barrierless channel of g-GBL + CH 3 , the present result and estimation by De Bruycker et al. agree well with each other below 1000 K. However, the latter exhibits a faster growth rate as the temperature increases and approximately triples the former at 2000 K. The inset in Fig. 4 illustrates the rate coefficients obtained via varying the transition state energies in a range of AE1 kcal mol À1 . It can be seen that De Bruycker's estimations fall within the upper limit of variation below 900 K, but are still a factor of 2 larger than our predictions at the high temperature end. For this channel, the interaction energies and rovibrational frequencies of transition state congurations are assumed to be the largest source of uncertainty. Since relevant studies are very scarce, it is not easy to determine which set of data is more accurate. Fortunately, this channel plays only a minor contribution to the overall kinetics, as will be seen in later discussion. It is possible that kinetic modeling for high temperature pyrolysis of GVL under high pressure conditions could provide useful insight into the importance of this channel.
Regarding the keto-enol tautomerization, although it has the second lowest energy barrier, which is only next to the isomerization barrier, this channel is rather uncompetitive due to the small entropy of the transition state. Moreover, the channel leading to ketene plus acetone is never important under the current conditions. Fig. 5 shows the high pressure limit rate coefficients of 4PA consumption occurring over the C 5 H 8 O 2 surface. From this plot, the reaction back to GVL is the dominant channel at lower temperatures because of the enthalpic effect, whereas with temperature increasing the direct bond ssion forming allyl plus CH 2 COOH quickly dominates the consumption of 4PA. H addition to the allyl radical generated from this channel accounts for part of the concentration of propene observed in earlier experimental studies. 11, 12 The other radical product CH 2 COOH will primarily generate methyl and CO 2 via a two-step mechanism: rst, intramolecular H-migration to intermediate CH 3 COO; second, C-C bond ssion of CH 3 COO to nal products. The C-O b-scission of CH 2 COOH to form CH 2 CO and OH is expected to be only a minor reaction, and this is in accordance with the fact that no ketenes were detected in related experiments. 11, 12 The remaining channels of 4PA, such as isomerization to 3PA and dehydration, are insignicant channels.
3.2.2 Effect of pressure on decomposition kinetics and branching. Fig. 6 shows the effect of pressure on the rate coefcients of the two most important channels in initial decomposition of GVL, i.e., GVL/ 4PA and 4PA / allyl + CH 2 COOH. It can be seen that pressure has very little effect on the low temperature reactivity of these two channels. Dissociation of 4PA has a much faster growth rate with temperature than the isomerization of GVL to 4PA. At higher temperatures, the C-C ssion of 4PA will be much faster than the preceding isomerization step, implying that any formed 4PA will rapidly dissociate into fragmented radicals.
According to De Bruycker et al., 12 radical chemistry tends to take over from molecular chemistry at high temperatures. This might lead the falloff regime of unimolecular decomposition rate coefcients, which locates just at high temperatures, to be seemingly unimportant. However, it should be noted that the branching fraction of primary decomposition products is quite sensitive to the pressure and the product distribution will certainly affect the subsequent transformation of the formed species. Fig. 7 plots the branching ratios of major consumption channels for GVL (a-c) and 4PA (d-f) as a function of temperature at the pressures of 7.6, 760 and 76 000 Torr. All these panels suggest the great importance of the interconversion between GVL and 4PA, especially at lower temperatures. For GVL, the reactivity of the interconversion channel reduces gradually and the dominance covers a broader temperature range than the situation under high pressure conditions. The considerable amount of allyl + CH 2 COOH in panel (a) can be explained by the formally direct formation mechanism from the initial reactant. At low pressures the collisional stabilization effect is much less signicant, so that a part of the excited 4PA* from GVL directly undergoes C-C bond ssion to form allyl plus CH 2 COOH instead of rst being stabilized into the stable 4PA well. As the pressure increases, more of excited 4PA* will be rst deactivated via unreactive collisions before being reactivated to dissociate, and this leads to a reduced formation of allyl plus CH 2 COOH directly from GVL. Within the current investigated range, the well-skipping reaction of GVL cannot compete with its conversion to 4PA. Since any formed 4PA will rapidly dissociate into fragmented radicals at higher temperatures, the formation of allyl plus CH 2 COOH will be primarily from the reaction sequence GVL / 4PA / allyl + CH 2 COOH, rather than the well-skipping reaction. Additionally, the branching of the remaining decomposition channels is markedly enhanced at high pressures. Of the two concerted reactions, which form C 3 H 6 + 2-oxiranone and CO + C 2 H 4 + CH 3 CHO, respectively, the latter reaction is more favored than the former one because of the larger entropic effect.
The situation in the case of 4PA is quite different from that of GVL. From Fig. 7(d-f) , the pressure has only a minor inuence on the branching of the three major consumption channels. The branching of isomerization to GVL drops rapidly with temperature, while the branching of allyl + CH 2 COOH increases correspondingly. It has been mentioned earlier in Section 3.1 that the transition states of TS6, TS7 and TS8, which characterize the remaining consumption channels of 4PA, have lower energies than the CBS-QB3 energies by De Bruycker et al., 11 so it can be deduced that the contribution from these channels will be even smaller when using the CBS-QB3 parameters for kinetic evaluations.
In all, the upper panels in Fig. 7 demonstrates that the distribution of primary decomposition products is quite sensitive to the pressure, which will certainly affect the subsequent radical chemistry. The upper and lower panels combine to highlight the most important route in initial decomposition of GVL, that is, isomerization to 4PA followed by C-C bond ssion into allyl + CH 2 COOH. However, although the C-C scission of 4PA and decomposition of CH 2 COOH are rather fast at higher temperatures, the radical chemistry of 4PA, such as H/CH 3 addition, is also expected to be very competitive. In view of this fact, kinetic modeling should be a good way to examine the importance of the falloff regime of decomposition rates.
The calculated rate constants were tted in the modied Arrhenius expressions, with the (A, n, E) parameters tabulated in Table 2 .
Conclusions
Detailed reaction kinetics of the initial decomposition of gamma-valerolactone (GVL) has been explored by combining quantum chemical calculations and RRKM/master equation analysis. The branching ratios of primary decomposition products has been determined at a variety of pressures. It has been found that GVL decomposes predominantly via isomerization to 4-pentenoic acid (4PA), except at high temperatures and elevated pressures where the channel to form CO plus ethene plus acetaldehyde has the largest branching. The channel to the formation of propene plus 2-oxiranone also has a nonnegligible contribution at high temperatures and moderate to high pressures. Interestingly, the formally direct formation of allyl plus CH 2 COOH from GVL has a considerable contribution at very low pressures, but shows a declining reactivity with the increasing pressure.
4PA is an important intermediate in GVL decomposition. Subsequent consumption of this species occurs mainly through the direct cleavage of the allyl-carboxymethyl bond, except at low temperatures under which conversion back to the initial reactant is more likely to occur. In contrary to GVL, the branching of 4PA consumption is insensitive to the pressure. The present study has conrmed that the products of allyl and CH 2 COOH, which are crucial for the formation of initial radical pool, primarily come from the reaction sequence GVL / 4PA / allyl + CH 2 COOH. The well-skipping reaction only account for a small portion of their concentration.
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